Introduction {#Sec1}
============

Dipeptidyl peptidase-4 (DPP-4) inhibitors are a kind of oral anti-diabetic agents that increase circulating concentrations of the glucagon-like peptide-1 (GLP-1) in non-insulin-dependent diabetes mellitus (T2DM) \[[@CR1]\]. DPP-4 inhibitors may improve β-cell function in patients with T2DM \[[@CR2]\] and inhibit α-cell function \[[@CR3]\]. In the 2012 position statement of the American Diabetes Association and European Association for the Study of Diabetes, DPP-4 inhibitors were considered as second-option medication when metformin fails.

Along with wide use of DPP-4 inhibitions, variance of the glycated hemoglobin (HbA1c) response to DPP-4 inhibitions in patients with T2DM has been observed. As a result, the characteristics of phenotypic, genotypic or biochemical for predicting the response to DPP-4 inhibitors were badly required. A meta-regression analysis involving 79 arms and 2,0503 patients showed that baseline HbA1c and fasting glucose contributed to the reduction of HbA1c \[[@CR4]\]. Previous studies also found that about 30% of patients with T2DM had resistance to GLP-1 which may be caused by gene variants, such as GLP1R, transcription factor 7-like 2 (TCF7L2) and wolframin ER transmembrane glycoprotein (WSF-1) gene variation \[[@CR5]--[@CR7]\]. All of these genes affect β-cell functions, including insulin production and secretion and β-cell proliferation \[[@CR8]--[@CR10]\]; GLP1R and TCF7L2 were also identified in α-cells and were found to affect glucagon secretion \[[@CR11], [@CR12]\]. Therefore, we inferred that α- and β-cell functions, influenced by both genetic factors, and acquired disposition like blood glucose and duration of diabetes, may predict the efficacy of DPP-4 inhibitors. However, the influence of baseline α- and β-cell function on the efficacy of DPP-4 inhibitors in patients with T2DM has not been observed.

Saxagliptin is demonstrated to be effective and safe comparing with placebo in Asian patients with T2DM who had inadequate glycemic control with or without metformin and diet and lifestyle modification \[[@CR13], [@CR14]\]. There was no difference in fasting insulin or glucagon between saxagliptin group and the placebo group in previous study, but postprandial C-peptide and β-cell function based on the homeostasis model assessment (HOMA)-β were improved by saxagliptin treatment \[[@CR14]\]. Another study in patients with T2DM poorly controlled with metformin monotherapy showed that saxagliptin suppressed glucagon response significantly \[[@CR15]\]. However, the relationship between postprandial glucagon and efficacy of saxagliptin was unobserved. In the present study, oral glucose tolerance tests (OGTTs) were used for evaluating α- and β-cell functions in patients with T2DM inadequately controlled with metformin treated with saxagliptin as add-on therapy, thereby trying to find predictive factors on the efficacy of saxagliptin.

Methods {#Sec2}
=======

Patients {#Sec3}
--------

The patients with T2DM who had inadequate glycemic control with metformin were consecutively recruited from the Nanjing First Hospital between June 2013 and June 2015. Patients with HbA1c of 7.0--13.0% (53--119 mmol/mol) and body mass index (BMI) \>24 kg/m^2^ were required to have been treated with metformin (1000--2000 mg, daily) for at least 12 weeks and to be on a stable dose. Major exclusion criteria were patients with a history of insulin-dependent diabetes mellitus or diabetes due to pancreatic injury or secondary forms of diabetes, any acute metabolic diabetic complications such as ketoacidosis or hyperosmolar state (coma) within past 6 months, patients using insulin or other oral hypoglycemic agents (sulfonylureas, acarbose, DPP-4 inhibitors or thiazolidinediones), pregnant, alanine aminotransferase (ALT) levels more than two times the upper normal range, noncompliance because of psychiatric or other serious diseases, or unwillingness to participate in the study. Each participant provided a signed informed consent to participate in the study. The study was approved by the ethics committee of Nanjing First Hospital.

Study Design {#Sec4}
------------

Eligible patients were treated with saxagliptin (5 mg, daily), and metformin (former dosage was maintained) for 12 weeks, and underwent OGTTs using 75 g of glucose (dissolved in 200 ml water) before and after the 12-week saxagliptin treatment. Serum samples were obtained before and 30 and 120 min after oral administration for blood glucose, insulin, C-peptide and glucagon determination. The ratios of glucagon/glucose (GLA/GLU) and glucagon/insulin (GLA/INS) were calculated to represent the inhibition of glucose or insulin on glucagon secretion \[[@CR16]\]. Assessments also included BMI, HbA1c, and routine urine analysis (for urine protein and urinary ketone measurement) at baseline and the endpoint of 12 weeks. Dietary and lifestyle modifications were reinforced during the treatment period. Blood glucose was monitored every week, while ALT and creatinine were tested every 4 weeks.

Laboratory Methods {#Sec5}
------------------

Plasma glucose was measured using the glucose oxidase method. Insulin and C-peptide were measured by chemiluminescent immunometric assay on the Modular Analytics E170 analyzer (Roche^®^ Diagnostics GmbH, Mannheim, Germany). Glucagon was determined with a quantitative radioimmunoprecipitation assay kit (Beijing North Institute of Biological Technology, China), and the intra- and inter-assay coefficients of variation were 6.6 and 12.0%, respectively. HbA1c was measured by high-performance liquid chromatography assay (Bio-Rad Laboratories, Inc. CA, USA).

Statistics {#Sec6}
----------

Analyses were performed using the SPSS Version 16.0 (SPSS Inc, Chicago, IL, USA) statistical package. All variables were tested for normal distribution of the data. Data are presented as mean ± standard error. Predictive factors were found with stepwise multivariate linear regression analysis. The cutoff value of glucagon and HbA1c was calculated by receiver operating characteristic (ROC) analysis. Efficacy of saxagliptin was analyzed by paired *t* test, while differences between the groups were examined using Student's unpaired *t* test. All comparisons were two-sided at 5% significance level.*P* value \<0.05 was considered to be statistically significant.

Results {#Sec7}
=======

Patients and Saxagliptin Efficacy {#Sec8}
---------------------------------

Among the 64 enrolled patients, 60 patients (including 29 male and 31 female, aged 29--70 years) completed the treatment. Three patients were excluded because of intolerable hyperglycemia (fasting plasma glucose was \>13.3 mmol/L at week 4 or 8), while one patient was withdrawn due to increased ALT. The mean duration of T2DM was 2.8 years. The baseline BMI was 28.63 ± 0.32 kg/m^2^ and HbA1c was 9.2 ± 0.2% (77 ± 2 mmol/mol). Significant reduction of weight, HbA1c, glucagon and the ratio of GLA/INS and fasting GLA/GLU was observed after 12-week treatment, while C-peptide as well as insulin increased. Area under the insulin curve (AUC(INS)) and HOMA-β were calculated to reflect the change of β-cell function. After 12-week saxagliptin treatment combined with metformin, HOMA-β increased significantly (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1The changes of weight and glucose metabolism caused by saxagliptin in T2DM patients. **a** After 12-week saxagliptin treatment, HbA1c, weight, and BMI declined, while AUC(INS) and HOMA-β assessment increased, **\*** *P* \< 0.001, **\*\*** *P* \< 0.005. **b** OGTT before and after 12-week saxagliptin treatment showed significant improved β-cell function, which was represented by concentration of blood C-peptide and insulin. Blood glucose, glucagon and the ratio of fast-GLA/GLU and GLA/INS before and 30 and 120 min after OGTT decreased after saxagliptin treatment, **\*** *P* \< 0.001. *AUC(INS)* area under the insulin curve, *BMI* body mass index, *GLA/GLU* glucagon/insulin, *GLA/INS* glucagon/insulin, *HbA1c* glycated hemoglobin, *HOMA-β* homeostasis model assessment, *OGTT* oral glucose tolerance test, *T2DM* type 2 diabetes mellitus

Regression Analysis {#Sec9}
-------------------

The decline of HbA1c (ΔHbA1c) and weight loss (Δweight) was calculated. The relationships between efficacy of saxagliptin (indicated by ΔHbA1c and Δweight) and baseline blood glucose, insulin, glucagon, GLA/INS, BMI and base characteristics, such as gender, age, duration of T2DM, were analyzed by linear regression with a stepwise procedure. In the multivariate linear regression analysis, the association between ΔHbA1c and baseline HbA1c, and 30 min-glucagon reached statistical significance, whereas the significantly correlative factors of Δweight were the age and 120 min-GLA/INS (Table [1](#Tab1){ref-type="table"}).Table 1Linear regression analysis for predictive factors of saxagliptin efficacy in patients with T2DMStandardized β*P* valueCorrelate with ΔHbA1c HbA1c0.487\<0.001 30 min-glucagon0.536\<0.001Correlate with Δweight Age−0.2620.029 Fast-insulin0.3840.002*Covariates* age, gender, duration of T2DM, height, baseline HbA1c, weight and BMI, baseline blood glucose, insulin, C-peptide, glucagon and GLA/INS before and 30 min, and 2 h after OGTT, and baseline AUC(INS)*ΔHbA1c* baseline HbA1c-endpoint HbA1c, *Δweight* baseline weight--endpoint weight, *AUC(INS)* area under the insulin curve, *BMI* body mass Index, *GLA/INS* glucagon/insulin, *HbA1c* glycated hemoglobin, *OGTT* oral glucose tolerance test, *T2DM* type 2 diabetes mellitus

The ROC Curve for Predicting HbA1c Response to Saxagliptin {#Sec10}
----------------------------------------------------------

According to the results of linear regression analysis, 30 min-glucagon was a predictive factor of HbA1c response to saxagliptin as well as baseline HbA1c. ROC analysis was drawn to calculate the optimal cutoff value for 30 min-glucagon and HbA1c (Fig. [2](#Fig2){ref-type="fig"}). The ΔHbA1c \<1.0% (11 mmol/mol) \[included 10 patients with ΔHbA1c from 0 to 0.2% (0--2 mmol/mol)\] was considered as non-response to saxagliptin, while ΔHbA1c \>1.0% (11 mmol/mol) \[included 21 patients with ΔHbA1c from 1.2 to 4.5% (13--26 mmol/mol)\] was considered as optimal efficacy of saxagliptin. The cutoff value, sensitivity, specificity and area under ROC (AUC) of 30 min-glucagon and baseline HbA1c are shown in Table [2](#Tab2){ref-type="table"}.Fig. 2The ROC curve of HbA1c declines with glucagon and baseline HbA1c in T2DM patients. The cutoff value of 30 min-glucagon and baseline HbA1c was calculated by ROC analysis. The ΔHbA1c \<1.0% was considered as non-response to saxagliptin, while ΔHbA1c \>1.0% was considered as optimal efficacy of saxagliptin. HbA1c glycated hemoglobin, ROC receiver operating characteristic, T2DM type 2 diabetes mellitus Table 2Optimal cutoff value of 30 min-glucagon and baseline HbA1c calculated with ROC analysis for predicting HbA1c response to saxagliptin in patients with T2DMCutoff valueSensitivity (%)Specificity (%)AUC95% CI*P* value30 min-glucagon49.1 pmol/L90.590.00.9400.859--1.022\<0.001Baseline HbA1c8.65% (72 mmol/mol)90.580.00.8190.605--1.0330.005*AUC* area under ROC curve, *CI* confidence interval, *HbA1c* glycated hemoglobin, *ROC* receiver operating characteristic, *T2DM* type 2 diabetes mellitus

Saxagliptin Efficacy Comparison {#Sec11}
-------------------------------

The patients were divided into high/low-glucagon and high/low HbA1c groups according to the results of ROC analysis. There was no difference in baseline HbA1c, weight, BMI and HOMA-β between low-glucagon (*n* = 23, baseline 30 min-glucagon \<49.1 pmol/L) and high-glucagon (*n* = 37, baseline 30 min-glucagon ≥49.1 pmol/L) groups. However, the changes in HbA1c, weight, BMI and HOMA-β after 12-weeks of saxagliptin treatment were significantly greater in the high-glucagon group than in the low-glucagon group (Fig. [3](#Fig3){ref-type="fig"}a). The HbA1c levels at baseline and endpoint were lower in low-HbA1c group (*n* = 23, baseline HbA1c \<8.7% \[72 mmol/mol\]) than in high-HbA1c group \[*n* = 37, baseline HbA1c ≥8.7% (72 mmol/mol)\]; however, no difference was observed in weight, BMI or HOMA-β between the two groups (Fig. [3](#Fig3){ref-type="fig"}b).Fig. 3Saxagliptin efficacy in high/low-glucagon and high/low-HbA1c groups. **a** T2DM patients were divided into high- and low-glucagon groups according to baseline 30 min-glucagon =171 pg/ml. Baseline HbA1c, weight, BMI and HOMA-β in the two groups were similar, *P* \> 0.05. After 12-week saxagliptin treatment, the decline of HbA1c, weight and BMI was greater in high-glucagon group than in low-glucagon group. **b** T2DM patients were divided into high- and low-HbA1c groups according to baseline HbA1c = 8.65%. There was no difference in weight, BMI and HOMA-β between the two groups, while baseline HbA1c and ΔHbA1c were significantly higher in high-HbA1c group than in low-HbA1c group. **\*** *P* \< 0.001; **\*\*** *P* \< 0.05. *BL* baseline, *BMI* body mass index, *HbA1c* glycated hemoglobin, *HOMA-β* homeostasis model assessment, *T2DM* type 2 diabetes mellitus

Discussion {#Sec12}
==========

The prevalence of T2DM increased rapidly in recent years, and the number of patients with T2DM is expected to rise to 552 million by 2030 \[[@CR17]\]. Due to the large amount of patients and the availability of at least 10 drug classes for the treatment of T2DM, the ideal drug sequence after metformin failure is an area of increasing uncertainty \[[@CR18]\]. Thus, precision medicine, taking account of human individuality in genes, environment, and lifestyle for early disease diagnosis, and individualized therapy, have been required in the treatment of T2DM at this time.

DPP-4 inhibitors, including saxagliptin, are accepted by more and more patients due to their effectiveness in glycemic control and less side-effect in hypoglycemia and weight gain \[[@CR19]\]. Our study confirms that saxagliptin in combination with metformin is effective in improving glycemic control and losing weight. The effects of restoring α- and β-cell functions in patients with T2DM were also observed, which were consistent with previous studies \[[@CR20], [@CR21]\].

The decline of HbA1c was 1.4 ± 0.1% (15 ± 1 mmol/mol) in our study, which was higher than previous studies \[ΔHbA1c ranged from −0.9% (−10 mmol/mol) to −0.5% (−5 mmol/mol)\] \[[@CR22]--[@CR24]\]. The reason may be the high baseline HbA1c of our patients which is indicating increased ΔHbA1c, and the evidence was demonstrated both in the present and previous studies \[[@CR4]\].

In our study, blood glucagon level, especially the 30 min-glucagon in OGTT, was significantly associated with HbA1c response to saxagliptin according to the linear regression and ROC analysis, which may be considered as a good predictive factor of saxagliptin efficacy. However, β-cell function, such as insulin, C-peptide and AUC (INS), had been slightly relevant to saxagliptin efficacy. The results indicated that saxagliptin improved glycemic control by modulating α-cell function rather than β-cell function.

Glucagon accounts for 40--50% of basal hepatic glucose production \[[@CR25]\] and plays a role in postprandial glucose homeostasis \[[@CR26]\], as it is under paracrine control by insulin. Our study showed that GLA/INS was decreased by saxagliptin in patients with T2DM, indicating an improved inhibition of insulin on glucagon. Saxagliptin also improved the inhibition of glucose on glucagon in the fasting state.

The mechanism of glucagon level decreased by GLP-1 remains unclear. Gromada et al. found that GLP-1 has minimal activity with glucagon receptor \[[@CR27]\]. However, most studies have not localized the GLP-1 receptor to α-cells \[[@CR28]\]. Blood glucagon level may correlate with the capacity of GLP-1 production in vivo, because GLP-1 is a product of proglucagon that has nearly 50% homology to glucagon \[[@CR29]\]. Recently, Kushiyama et al. found that blood glucagon level had no correlation with active GLP-1 level, though active GLP-1 level in plasma was associated with the efficacy of DPP-4 inhibitors in patients with T2DM \[[@CR30]\]. However, GLP-1 has a short half-life (less than 2 min) due to rapid degradation by the enzyme DPP-4, and is difficult to be detected routinely; by contrast, glucagon is stable and detectable as a predictor used in clinical medicine.

According to our study, blood glucagon level was more outstanding than baseline HbA1c, which was the predictor recommended in previous studies \[[@CR4], [@CR31]\]. There were more significant improvements not only in HbA1c but also in weight and β-cell function in high-glucagon group than in low-glucagon group, while baseline HbA1c could only predict the HbA1c response to saxagliptin combined with metformin.

Blood glucagon levels may also be related to efficacy of other drugs which affect glucagon secretion, such as insulin and sodium--glucose cotransporter-2 (SGLT2) inhibitors. SGLT2 inhibitors have an opposite effect on glucagon compared with DPP-4 inhibitors \[[@CR32], [@CR33]\], and the relationship between blood glucagon levels and the drug efficacy needs further investigation.

Considering the effects of metformin and saxagliptin on losing weight, we chose overweight patients with BMI \>24 kg/m^2^. Previous study showed that the suppression of glucagon secretion during hyperglycemia was impaired in obese mice \[[@CR34]\]. Fasting hyperglucagonemia was observed in obese people who, despite their insulin-resistant state, have normal glucose tolerance and may constitute very early steps in the pathophysiology of T2DM as well as a reduced incretin effect \[[@CR35]\]. Therefore, our study showed significant higher blood glucagon level compared with previous study (baseline mean glucagon: 57.6 vs. 19.0 pmol/L) \[[@CR14]\]. This may also explain the significant decrease of HbA1c after saxagliptin treatment.

There was no significant weight loss after saxagliptin treatment in Chinese patients in previous studies \[[@CR13], [@CR14]\]. However, in our study, weight and BMI decreased after saxagliptin treatment. Younger and high 120 min-GLA/INS may be correlated with increased weight loss. The patients recruited in our study had lower insulin and C-peptide levels than in previous studies \[[@CR14], [@CR19]\], which may have been caused by a higher glucotoxicity.

Limitations of this study include the lack of a placebo control which precludes effects of metformin, dietary and lifestyle modifications. In the previous study with a duration of 24 weeks, the decline of HbA1c was only 0.4% (4 mmol/mol) in metformin + placebo group with reinforced diet and lifestyle \[[@CR14]\], while other studies showed that metformin had no effect on glucagon suppression \[[@CR15], [@CR36]\]. However, the effects of metformin, dietary and lifestyle modifications may not be ignored. Moreover, possible long-term efficacy and the durability of saxagliptin may be unobserved according to the 12-week duration of study. More patients with variance of weight, duration of diabetes, glucose control and β-cell function, and classes of DPP-4 inhibitors should be included in our study to determine the cutoff value of glucagon.

Conclusion {#Sec13}
==========

Saxagliptin combined with reinforced diet and lifestyle improved glycemic control by modulating α- and β-cell functions in patients with T2DM inadequately controlled with metformin. However, the high non-responder rate to DPP-4 inhibitors should not be ignored. Blood glucagon levels are effective for predicting efficacy of saxagliptin combined with metformin. This finding may help doctor prescription and reduce the cost of invalid drug use for patients with T2DM.
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